The dissociation processes, O 2 ϩ →O ϩ ϩO, in intense laser fields ͑100 fs, ϳ3ϫ10 14 W/cm 2 ) are studied at the laser wavelength of 795 and 398 nm on the basis of the momentum imaging maps of the O ϩ fragment ions. The covariance map measurements are performed with high momentum resolution to assign securely the dissociation pathways. From the anisotropic momentum distribution of O ϩ with respect to the laser polarization direction, the electronic states of O 2 ϩ are found to be coupled exclusively through parallel transitions in the course of the dissociation process. The released kinetic energy of O ϩ for both 795 and 398 nm are interpreted consistently by a sequential coupling model of light-dressed potential curves of O 2 ϩ in the quartet ⌸ state manifold.
I. INTRODUCTION
When the magnitude of a light-molecule interaction exceeds a perturbative regime, interatomic potentials of a molecule are substantially deformed by the light fields. The resultant light-deformed potentials lead to a new class of molecular phenomena such as bond-softening, bondhardening, and above-threshold dissociation ͑ATD͒.
1 For a one-electron system, H 2 ϩ , these phenomena have been interpreted well in terms of the light-dressed picture consisting of the two lowest electronic states, 1s g and 2 p u , both of which are well separated energetically from higher lying electronic states. 1, 2 It has been revealed through theoretical calculations 3, 4 that the strong coupling between these electronic states is crucial for ionization of H 2 ϩ in intense laser fields, which occurs most efficiently at a critical internuclear distance R c ϳ10 a.u. 3 As for multielectron molecules, the main concern in previous literature has been the multiple-ionization process followed by a bond fission process called the Coulomb explosion occurring at higher field intensities ͑1-10 PW/cm 2 ; 1 PWϭ10 15 W). 5, 6 The observed enhancement of the ionization rates at a critical distance has been successfully explained by a classical field ionization model, where the role of electronic states is not taken into account explicitly. On the other hand, recent studies on triatomic molecules [7] [8] [9] [10] [11] [12] have revealed that they undergo ultrafast structural deformation in such a high laser-field intensity and that this could be interpreted by the formation of the light-deformed potentials prior to the Coulomb explosion. [9] [10] [11] [12] However, such lightinduced potential deformation in a multielectron molecule could not be explained by a simple picture in which only two electronic states are coupled with each other as in the case of H 2 ϩ , because a multiple coupling would be induced among a number of electronic states with high density.
In the present study, we report definitive evidence of such a multiple coupling among more than two electronic states of O 2 ϩ in intense laser fields ͑ϳ0.3 PW/cm 2 ͒, through the measurements of the momentum vector distribution of the O ϩ fragment ions produced from the bond-breaking process of O 2 ϩ →O ϩ ϩO.
II. EXPERIMENT
The amplified ultrashort laser pulses ͑795 nm, 100 fs, ϳ1 mJ͒ generated by a regenerative amplifier system ͑BMI alpha 10͒ were focused by a quartz lens ( f ϭ150 mm) to produce intense laser fields ͑ϳ0.3 PW/cm 2 ͒. The second harmonics ͑398 nm͒ was generated by a BBO crystal plate of 1 mm thickness. The mass-resolved momentum imaging ͑MRMI͒ maps of O ϩ produced from O 2 were constructed from the time-of-flight ͑TOF͒ mass spectra recorded by an oscilloscope ͑LeCroy 9370͒ at 18 different angles of the laser polarization vector with respect to the TOF detection axis in the range between 0°and 180°. The momentum p ʈ of the ejected fragments along the TOF axis is derived by using a formula, p ʈ ϭqF⌬T, where ⌬T is half of the difference in the flight time between the fragments ejected in forward and backward directions, q is the charge of the fragment ion, and F is the static electric field applied for the ion extraction.
A small aperture ͑10 mm ͒ was placed in front of the microchannel plate ͑MCP͒ ion detector to achieve high momentum resolution. The pressure in the vacuum chamber was set in the range between 6ϫ10
Ϫ8 and 2ϫ10 Ϫ7 Torr depending on the laser-field intensity to avoid a space charge effect. The energies of the respective laser pulses were monitored by a single channel analyzer, which supplies trigger signals to the oscilloscope. The laser spot size at the focal spot was measured by projecting its image onto a charge coupled device camera through an objective lens ͑10ϫ͒ to be 6. 13 The covariance map was measured after accumulation of more than 3ϫ10 4 shots of laser pulses. The pressure in the chamber was reduced as low as 8ϫ10 Ϫ8 Torr to keep the ion count rate less than 50 ions/shot. The other experimental conditions were the same as those in the MRMI measurements. Under the present experimental conditions, false covariance signals appeared between O ϩ ions and O 2 2ϩ ions whose magnitude is substantially larger than the O ϩ signal ͑see Fig. 1͒ . In order to reduce such an artifact, the raw signal intensities of O 2 2ϩ were multiplied by a factor of 0.2 in the construction of the covariance map.
III. RESULTS AND DISCUSSION

A. Assignment of the dissociation pathways
The observed TOF mass spectra and the covariance map of O ϩ recorded at ϳ795 nm with the laser polarization vector parallel to the TOF axis are shown in Fig. 1͑a͒ . The sharp peak observed at the center of the TOF mass spectra is attributed to O 2 2ϩ having the same mass-to-charge ratio as O ϩ . A pair of peaks labeled with a corresponds to the O ϩ ions ejected in the forward and backward directions with respect to the MCP ion detector. The positive covariance signals between these forward and backward peaks in the covariance map ͓Fig. 1͑a͔͒ indicate that these components are produced in a correlated manner through the ͑1,1͒ Coulomb explosion process, 14 O 2 2ϩ →O ϩ ϩO ϩ . Another pair of peaks labeled with b with a small shoulderlike structure on the higher momentum side is seen in the TOF spectrum in Fig. 1͑a͒ , exhibiting a marked contrast with N 2 ͑Ref. 15͒ and NO, 16 whose TOF spectra showed no clear feature in the smaller momentum region inside the ͑1,1͒ pathway. The covariance map of O ϩ showing no distinct correlation in the small momentum region implies that these slow O ϩ ions are produced with a neutral O atom as a counterpart fragment through the ͑1,0͒ dissociation pathway, O 2 ϩ →O ϩ ϩO. Existence of such low kinetic energy components of O ϩ from O 2 in intense laser fields was observed previously by Normand et al.
14 with lower momentum resolution at ϳ610 and 305 nm, and were also assigned to the ͑1,0͒ pathway.
The ͑1,0͒ component is clearly identified at low laserfield intensities ͑ϳ0.1 PW/cm 2 ͒ as shown in Fig. 2͑a͒ , while the ͑1,1͒ component becomes prominent at a higher field intensity ͑ϳ0.17 PW/cm 2 ͒. The field-intensity dependence shows that the ͑1,1͒ Coulomb explosion pathway is composed of two distinct features at 90ϫ10 3 and 105 ϫ10 3 amu m/s. By increasing the field intensity further, another pair of peaks appears at the momentum of 140 ϫ10 3 amu m/s, originating from the ͑1,2͒ Coulomb explosion process, O 2 3ϩ →O ϩ ϩO 2ϩ . The lower appearance intensity of the ͑1,0͒ component rather than that of the ͑1,1͒ component confirms these assignments of the dissociation pathways because a lower charge state of parent molecular ions should be produced with a lower appearance intensity. The present assignment of the ͑1,0͒ component is also sup- ϩ at ϳ398 nm ͓Figs. 1͑b͒ and 2͑b͔͒ exhibits a marked difference from that observed at ϳ795 nm. In addition to the features for the ͑1,1͒ Coulomb explosion pathway labeled with a, three pairs of peaks ͓la-beled with b͔ are observed in the momentum region below 70ϫ10 3 amu m/s. Based on the covariance map shown in Fig. 1͑b͒ , which exhibits no clear correlation signal for the three features, three peaks are all assigned to the ͑1,0͒ dissociation pathway. The kinetic energies released through the ͑1,0͒ pathway at two different wavelengths, ϳ795 and 398 nm, are determined from the peaks observed in the momentum distributions in Fig. 2 and are summarized in Table I .
B. Anisotropic fragment distribution
The observed MRMI map for O ϩ recorded at ϳ795 nm is shown in Fig. 3͑a͒ , together with the assignments of the dissociation pathways established above. The ͑1,0͒ pathway in the MRMI map exhibits a large anisotropy along the direction of the laser polarization. As shown in Fig. 3͑b͒ , an anisotropic ejection of the O ϩ fragment along the laser polarization direction is also identified for the three ͑1,0͒ features in the MRMI map observed at 398 nm. In this MRMI map, an isotropic component with broad momentum distribution with a width of 17ϫ10 3 amu ms Ϫ1 can be seen along the circle with a momentum radius of 26ϫ10 3 amu ms Ϫ1 . In the ultrafast photodissociation of a diatomic molecule, the fragment anisotropy is determined by the direction of the transition moment ͑͒ with respect to the molecular axis ͑z͒. 19 When ʈ z ͑parallel transition͒, the angular distribution of the fragment in the space-fixed frame P() is expressed as P()ϰcos 2 , while in the perpendicular transition ͑Ќz͒, P()ϰsin 2 , where is defined as an angle between the laser polarization direction and the direction of the molecular axis.
In the case of a multiphoton transition, the fragment anisotropy can be expressed by a product of these distribution functions P()ϰcos spectively, the number of parallel transitions and that of perpendicular transitions involved in the multiphoton process. Therefore, a nodal line should appear in the MRMI map along the polarization direction when nу1, as illustrated in Fig. 4͑a͒ , where the simulated MRMI maps 15, 16 for the three kinds of two-photon dissociation processes, i.e., ʈ ϩ ʈ (m ϭ2,nϭ0), ʈ ϩЌ(mϭnϭ1), and ЌϩЌ(mϭ0,nϭ2) are shown. The nodal pattern should remain even when O 2 ϩ is prepared with its molecular axis aligned along the laser polarization direction as shown in Fig. 4͑b͒ , in which the alignment distribution is assumed to be expressed as P align () ϭcos k with respect to the laser polarization vector. The resultant angular distribution is then expressed as P()• P align (). The index k is chosen to be kϭ6 in the figure in order to approximately describe the fragment anisotropy observed in the MRMI map at ϳ795 nm ͓Fig. 3͑a͔͒.
The absence of a nodal line in Fig. 3 means that the electronic states coupled exclusively through parallel transitions dominate the dissociation process. The simulation of the MRMI map, in which an effect of the finite detector size 15, 16 is taken into account, shows that the observed angular distribution of the ͑1,0͒ pathway is well reproduced by the distribution function of P()ϰcos k with kϭ10(4) and 4͑2͒ for ϳ795 nm and ϳ398 nm, respectively, which are slightly smaller than the k values for the ͑1,1͒ Coulomb explosion pathway obtained from Fig. 3, i. e., kϭ12(2) for ϳ795 nm and kϭ6(2) for ϳ398 nm. This exclusive choice of parallel transitions may be attributed to the spatial alignment of the molecular axis for the parent ions at the ionization step followed by the strong coupling among the electronic states through charge-resonance type transitions.
The parallel transitions occur among the states with a common electronic symmetry in the limit of the Hund's coupling case ͑a͒. Because O 2 ϩ is expected to be prepared first in either X 2 ⌸ g or a 4 ⌸ u , the observed angular distribution suggests that the coupling among the ⌸ electronic states plays a dominant role in the dissociation dynamics of O 2 ϩ . This symmetry consideration is important because it reduces significantly the number of electronic states that could be involved in the possible dissociation pathways.
C. Sequential coupling of the light-dressed states
The nuclear dynamics of molecules in intense laser fields has often been discussed in terms of light-dressed states ͕͉i,N͖͘ that are formed through the coupling between molecular states ͕͉i͖͘ and photon-field states ͕͉N͖͘. The interaction between molecules and the light fields is expressed as that between the dressed states, leading to potential deformation through avoided crossings. Although this dressed-state picture holds rigorously only when the light field is stationary, it can provide a clear insight into nuclear motions of molecules in the nonstationary strong laser fields.
When O 2 ϩ is prepared in the a 4 ⌸ u state, 4 ⌸ g and 4 ⌸ u electronic states are relevant to the dissociation process, since a transition moment for the transitions among the states with the same spin multiplicity is substantially larger than that for intercombinations. The interatomic potentials of the low-lying 4 ⌸ g and 4 ⌸ u electronic states of O 2 ϩ in the dressed picture are shown in Fig. 5 for the photon energy of 1.56 eV FIG. 4 . The simulated MRMI maps for a fragment ion with a peak momentum of ϳ50ϫ10 3 amu m/s produced through a two-photon absorption: In ͑a͒, an isotropic distribution of the molecular axis is assumed for parent molecules. In ͑b͒, a prealigned distribution of parent molecules with P() ϭcos 6 with respect to the laser polarization direction is assumed. The laser polarization vector ͑͒ is indicated with an arrow. 20 where the reliability of the electronic energy was estimated to be better than 0.3 eV. The deviation of the calculated dissociation energy of the a 4 ⌸ u state from the corresponding experimental value is only 0.03 eV. 20 The potential curves of the higher-lying excited states correlating to the 3 Pϩ 2 D o asymptote are taken from a full valence CI calculation with a minimum-basis set by Beebe et al. 21 participate in the dissociation process, and lead to the fragmentation into the ͉ 1 Dϩ 4 S o ,NϪ2͘ and ͉ 3 Pϩ 2 D o ,NϪ3͘ asymptotes, respectively. The released kinetic energies for these dissociation pathways represented by the length of the solid arrows in Fig. 6 are calculated to be 0.6͑2͒, 1.7͑2͒, and 3.6͑2͒ eV, which are in good agreement with the corresponding observed energies ͑see Table I͒ . Therefore, it is reasonable to regard that the three ͑1,0͒ peaks ϳ398 nm represent the dissociation into the three difference asymptotes.
As seen in Fig. 2͑b͒ , the fragments with a larger momentum appear at larger field intensities. This dependence of the peak intensities on the laser-field intensity is consistent with the above interpretation using the coupling sequence of the dressed states at ϳ398 nm. From the intensity variation of these three components in the 0.03-0.7 PW/cm 2 range, the saturation intensities were estimated to be 0.10͑5͒, 0.13͑5͒, and 0.18͑5͒ PW/cm 2 for the peaks observed at 0.5, 1.8, and 3.7 eV, respectively.
The transition moment of the f 4 ⌸ g -a 4 ⌸ u charge resonance transition was calculated 20 to be ϭ0.5 a.u. at the internuclear distance Rϭ1.6 Å, where the ͉a 4 ⌸ u ,N͘ and ͉ f 4 ⌸ g ,NϪ1͘ states cross with each other at ϳ398 nm ͑see Fig. 5͒ . A slightly larger transition moment, ϭ0.8 a.u. was obtained at Rϭ1.9 Å for the crossing at ϳ795 nm ͑Fig. 4͒. 
